Modern cities are supported by advanced infrastructure systems that supply them with energy and materials and dispose of their wastes. For centuries separate systems have been designed to provide the water supply, wastewater treatment, energy, stormwater management, solid waste disposal and transportation services needed by urban residents. As the majority of the world's population now lives in urban areas, most of the human impact on the natural environment is mediated through urban infrastructure systems. As the science and technology of infrastructure systems has advanced, they have become more and more isolated from each other. The performance of each system has been optimized independently but little attention has been given to the complex interactions among these infrastructure systems. There is mounting evidence that more sustainable cities can be designed by using a more holistic approach to infrastructure system design. This paper will provide an overview of this more holistic approach to infrastructure design. Specific examples of how more sustainable solutions can be achieved will be discussed to illustrate how understanding the interactions and synergies among urban infrastructure systems is key to creating more sustainable forms of urban growth. The paper will close with a discussion of ongoing research on developing an integrated understanding of infrastructure systems to support the planning and design of more sustainable cities.
Introduction
In 2008 the earth crossed a significant tipping point. For the first time in human history, more than half of the world's population was living in cities. This is a relatively recent development in human settlement patterns. As shown in Table 1 , the world's population has increased rapidly in the last two centuries and is becoming more and more urban. By 2050 the world population will have increased nearly tenfold from 1800. The year 1800 provides a useful demarcation point because it roughly marks the beginning of the industrial revolution. At that time only 2 percent of the world's population lived in cities, and that had increased to just 14 percent by 1900. The pace of population growth and urbanization has significantly intensified in the past century. More than 80 percent of the world population is expected to live in urban areas by 2050. With the vast majority of the greatly expanded population living in urban areas by mid-century, it is no wonder U.N. Secretary General Ban Ki-moon [1] has said, "Our struggle for sustainability will be won or lost in the cities." Between now and 2050 the world's population is expected to grow by nearly 2.5 billion additional people. This is approximately the total population of the planet in 1950. Most of these new residents will live in urban areas. How they are housed and how their needs are met will determine how sustainable the future will be.
While urban areas now house the majority of the world's population, they consume surprisingly little land area. Only about 3 percent of the world's land mass is urban. For example, in the USA, land area classified as urban accounts for just 2.6 percent of the land area, yet contains nearly 80 percent of the population. European nations have the highest proportion of their land are in urban uses, with most containing between 10 percent and 30 percent urban land. However, the greatest wave of urbanization is occurring in China, India, and Africa, which are experiencing a massive population shift from rural areas to large urban areas. Because they are the focus of most economic activity, urban areas dominate resource consumption and waste generation.
Concentrating population into urban areas requires extensive infrastructure systems to provide the services necessary to support the needs of the population. Infrastructure systems are required to supply clean water, to treat household and industrial waste water, to manage storm water runoff, to provide energy and to move people and goods. This reliance on infrastructure systems fundamentally changes the relationship between humans and nature. People no longer interact with natural systems directly, as they would in a low density, rural settlement pattern. Their environmental impacts are almost entirely mediated through their infrastructure systems. How these systems are designed and operated largely determines how the population will impact the natural environment. While urban population is concentrated in a relatively small area, cities rely on resources drawn from a much larger area. Their waste materials are discharged back into the environment and can impact water, air and climate systems on a regional or even global scale.
Urban metabolism
Wolman [3] developed the concept urban metabolism to understand how cities consume material and energy. Urban metabolism considers a city as a large organism that takes in material and energy, produces the goods and services that residents require, and puts out wastes. Newman [4] extended this model to include the production of greenhouse gases. Baccini [5] suggests that urban metabolism can provide a useful framework to evaluate sustainability concerns.
Generally, the impact of human population on the natural environment is a function of three factors: (1) the size of the population, (2) the standard of living of that population and (3) the technology used by that population. Environmental impacts increase as population increases. Therefore, we can expect the amount of resources consumed and the volume of waste generated to increase with the size of the population. Similarly, populations with higher standards of living tend to consume more resources and produce more waste than those with lower standards of living. The role of technology is more complex. Different technologies have different input requirements and produce different amounts and types of waste. Different technologies also differ in terms of their overall efficiency. Therefore, different technologies have different demands for material and energy inputs. The selection of the technology used to provide a particular infrastructure service is a key in determining the material and energy inputs that will be required and the waste that will be produced to meet the needs of a given population with a given standard of living.
Individual infrastructure systems
The size of our infrastructure systems has needed to expand markedly to keep pace with the steadily increasing urban populations. Massive investments have been made to construct the urban infrastructure systems that support today's urban population. Along the way there have been incremental improvements in infrastructure system technology. In most cases these systems have become more efficient in terms of their material and energy demands and have become cleaner in terms of the amount of waste they generate. However, the massive increases in population and standards of living have tended to overwhelm these improvements in technology. While cities across the globe have made significant investments in new infrastructure systems, Nelson [6] notes that by 2050, the existing amount of urban infrastructure will have to double. This presents a huge challenge and as well as a unique opportunity. How we design this new increment of infrastructure will determine how sustainable our cities, and, therefore our planet, will be.
While cities across the globe have made significant investments in new infrastructure systems, Nelson [6] notes that by 2050, the existing amount of urban infrastructure will have to double to meet the increase in population and the continuing trend of urbanization. This presents a huge challenge, but also it is also a major opportunity. In the next 35 years we will build as much infrastructure as exists today. Building these systems in a way that has a smaller demand for material and energy inputs and generates less waste, will determine how sustainable our new urban future will be.
Over the past two centuries infrastructure systems have become more and more specialized over time. The professionals who design these systems and the agencies that own and manage them have become separated, so that each of the systems is designed and operated separately. The design and performance of each system is optimized separately, with little regard for how it interacts with the other infrastructure systems. Figure 1 illustrates the current situation in which each of these infrastructure systems operates as a separate "stovepipe." Designing and managing these systems separately ignores the complex interactions between and among these systems. They do in fact interact in significant ways. For example, to change to an electrified transportation system based on plug-in hybrids may require a significant increase in the amount of electricity generated. If this electricity is produced using coal or nuclear generation technology, a significant amount of water will be required for cooling these plants.
Additional water withdrawals for power plant cooling may limit the amount of water available for domestic and industrial uses. Therefore, the technologies selected for the transportation system and for electric power generation directly impact the water supply system. Similarly, there are very few instances of utilizing the organic material in waste to produce energy. These types of crossinfrastructure relationships are rarely considered in the planning and design of urban infrastructure systems. As urban population continues to increase and puts more pressure on natural systems, more comprehensive planning and design will be required to take account of the complex interactions between and among urban infrastructure systems. Today each infrastructure system is optimized as a separate system. These systems are the result of single objective design and spending. This approach misses significant opportunities to create more sustainable solutions to meet the needs of urban populations. By approaching the design and management of urban infrastructure in a more holistic fashion, we can take advantage of synergies that exist among these systems and create more sustainable infrastructure solutions. Crittenden [7] has stated the problem clearly when he said, "We need to recreate the anthroposphere to exist within the means of nature. That is, use renewable resources that nature provides and generate waste nature can assimilate without overwhelming natural cycles." To create infrastructure systems that operate within the resources and assimilative capacity that nature provides, we need to consider infrastructure systems holistically and identify where the inputs and outputs of each system are likely to impact each other system.
Integrated infrastructure systems
The analysis of these system interactions a better understanding of the fundamental properties of each system so that the key inputs and outputs of that system can to be described and quantified where ever possible. To support the development of today's single purpose systems, robust infrastructure-specific simulation modeling tools have been developed in recent years. Today we have reasonable accurate water demand models, stormwater runoff models, wastewater treatment process models and transportation demand models. In most cases these models are very good at evaluating the performance of individual infrastructure systems. These models provide a good initial framework for identifying the inputs required by and the outputs produced by each individual infrastructure system. However, most of these models do not capture the complex interactions among infrastructure systems or between these systems and their associated social and natural systems.
It is important to note that these models often address only a single technology solution to meeting the infrastructure needs of an urban area. Separate models may be needed to understand the requirements of alternative technologies that can meet the same needs. For example, the material consumed and the type and amount of waste produced varies considerable between a coal-fired power plant and a distributed system of photovoltaic collectors. Today's simulation models are generally designed to address one particular technology and may not cover the full range of potential solutions. The result of this analysis should be to develop an interaction matrix that identifies the inputs and outputs of each system. Table 2 shows the major interactions that are expected among the major urban infrastructure systems. This matrix provides a framework for understanding the linkages among infrastructure systems much as an input/output matrix describes the interactions between industrial sectors in the economy.
Further research is needed to provide more detailed data on each type of interaction. The type and of material and energy exchanged between each system is needed to build a fully functional interaction model. Again, the nature and amounts of materials exchanged will vary with the specific technology chosen for each infrastructure type. Very little data exists on the size and scope of these interactions among infrastructure systems. Fortunately, as more and more of these systems are instrumented with sensor systems, rich data sets are being developed that will support detailed analysis to describe these interactions. Producing a quantified version of this type matrix is a fundamental task in understanding the complex interactions among infrastructure systems. A detailed interaction matrix is critical to understanding how to create more sustainable infrastructure systems. This will provide support for infrastructure decisions at a variety of scales, including evaluating metropolitan-scale urban form, testing alternative infrastructure technologies (e.g. distributed vs. centralized energy production and wastewater treatment) and analyzing project-level social and environmental impacts. 
The broader context
Infrastructure systems do not exist in a vacuum. Figure 2 shows how these systems interact with both the natural environment and the social and economic systems that build and maintain them. As discussed above infrastructure systems mediate the impact of urban populations on the natural environment. They draw material and energy resources from the natural environment and emit waste material back into that environment. They have significant impacts on air and water quality, on aquatic habitats, on land and on mineral resources. These systems are also shaped by and impact their larger social and economic system. The level and quality of service provided is determined by political and economic forces. There is a two way interaction between the infrastructure systems and the underlying social and economic systems. The quality of the infrastructure provided is determined by the income, ethics and policies of the society. But these systems in turn impact the income, health and equity of that society. So there is a dynamic two-way relationship between the social and economic systems and the infrastructure systems.
It is important to place these infrastructure systems within this larger context to understand the factors that shape their design and operation and to understand the broader set of impacts these systems have, not only on the natural environment, but also on human social and economic systems.
Conclusions
Infrastructure systems are critical to supporting the world's rapidly expanding urban population. These systems are currently optimized individually. This standalone approach produces suboptimal solutions for the larger urban system. More research is needed to understand the complex interactions among these systems and to account for their interactions with not only natural systems, but also social and economic systems. Such an approach is needed to produce solutions that are environmentally and economically sustainable as well as equitable.
